glucose, associated with accelerated disposal of glucose reflected in a reduced half-time for glucose disappearance after termination of infusions (glucose 30 g in 40 mm). The effects of secretin and pancreozymin, which led to approximately threefold increases in integrated secretory responses (ISR) for insulin, exceeded that of gasti in, which led to approximately 50% increase in ISR. The same effects, quantitatively indistinguishable from those of gastrin, were observed when N/10 HCI (total dose 10-30 mEq) was infused into the duodenum or stomach, or when gastric acid secretion was maximally stimulated with betazole during intravenous infusions of glucose. It was concluded that the responses to administration of HCl or betazole, and probably to administration of gastrin, were attributable to endogenous secretin.
Similar studies of the effect of secretin or pancreozymin on the response to brief (10 g in 2 min) or prolonged (15 g in 40 min) intravenous infusions of arginine were carried out. Both hormones led to increased insulin secretion after brief infusions of arginine. During prolonged infusions, pancreozymin provoked a maintained enhancement of insulin secretion (+30%), but secretin failed to reproduce this effect. Studies of plasma GLI in specimens drawn during these experiments were carried out by Dr R H Unger at the University of Texas S.W. Medical School in Dallas and showed that the administration of pancreozymin was associated with a rise in plasma GLI. It was also shown that the stimulus to insulin secretion afforded by blood glucose and amino acid concentrations during these infusions did not account for enhancement of insulin secretion. In order to determine whether endogenous pancreozymin might have similar effects, similar infusions of arginine were delivered into the duodenum. Such infusions might be expected to cause secretion of pancreozymin (Wang & Grossman 1951) . It was found that a maintained rise in serum IRI occurred. There was no significant rise in blood glucose, and the small rise in blood amino acid concentration did not account for the degree of stimulation of insulin secretion.
It is concluded that secretin and pancreozymin released in response to physiological stimuli contribute these effects on the endocrine pancreas in the response to absorption of mixed nutrients from the intestine. The uptake of glucose by muscle plays an important part in the specific problem of regulation of blood glucose concentration. During periods of sugar absorption from the intestine, uptake is accelerated and hyperglycwmia is moderated, whilst in periods of glucose deprivation uptake is restricted and glucose is spared for the critical needs of the brain. In heart muscle, glucose has been a substrate of special interest since at least 1907 when Locke & Rosenheim found glucose uptake in the isolated heart preparation of Langendorff (1895) . From a biochemical point of view this simple aortic retrograde perfused preparation is preferable, for the study of glucose uptake, to the more physiologically normal heart-lung preparation in that lungs or other tissues are not included in the perfusion circuit. Various authors have investigated oxygen consumption, substrate utilization and hormonal regulation using such a perfused rat heart preparation. In this method, the heart is rapidly excised from the anesthetized heparinized rat and contractions are arrested by rapid chilling in cold saline. The aorta is then cannulated and the heart perfused at a pressure of about 50 mmHg with oxygenated Krebs-Henseleit bicarbonate (pH 7 4) at 370 C, whereupon contractions begin again within a few seconds. The aortic valves remain closed and the fluid passes through the coronary circulation. The advantages of this preparation are as follows: (1) Muscle fibres are intact so that membrane transport processes can be distinguished from diffusion artifacts which arise from cut edges as found in the usual diaphragm preparation. (2) The extracellular diffusion of substrates and hormones from the medium to the cells is very rapid since all substrates penetrate the tissue via the extensive capillary network. (3) Glucose uptake can be measured directly by the change in concentration of a known volume of medium circulated for a given time. (4) The condition of the preparation can be judged by physiological parameters, i.e. contraction, perfusion pressure, coronary flow, and oxygen consumption.
In the study of glucose uptake by this preparation it is convenient to regard the process as consisting of three sequential steps: (1) diffusion of glucose from the capillary to the muscle cell surface, (2) transport of glucose through the cell membrane and (3) intracellular metabolism of the glucose.
Of these three steps the firstextracellular diffusionis so fast that it cannot be significantly limiting in the beating heart. The mechanism of the second step, membrane transport of glucose, has received considerable attention in recent years (Randle & Morgan 1962 , Morgan et al. 1965 . In the absence of insulin, membrane transport is thought to be the major limiting step in glucose utilization by the perfused heart (Morgan et al. 1961) . The model for glucose transport involves 'facilitated diffusion' by a membrane carrier system and this hypothesis is supported by the evidence of the mechanism having saturation kinetics, stereospecificity and exhibiting competition between pairs of sugars (Fisher & Zachariah 1961 , Park et al. 1959 ). In addition, the observation which favours most strongly the presence of a carrier in the membrane is the phenomenon of uphill transport by counterflow. To demonstrate this process, the heart is perfused with a non-metabolized glucose analogue, 3 0 methyl glucose, for five minutes, by which time the concentration of sugar inside the cell closely approaches the equilibrium level, i.e. the rates of entry and exit of 3-0 methyl glucose are nearly equal. Glucose is added to the external medium at this point, whereupon the 3-0 methyl glucose level inside the cell falls. Since this cannot be due to metabolism of 3-0 methyl glucose, it can be concluded that the sugar is being transported outwards into a region of higher concentration. In terms of the carrier hypothesis, the added glucose is competing for the carrier at the external surface of the membrane and reducing the entry of 3 0 methyl glucose. Inside the cell, however, any glucose which the carrier brings in is metabolized and does not compete for the exit of 3-0 methyl glucose. The efflux of 3 0 methyl glucose therefore temporarily exceeds the influx, until its concentration inside the cell falls low enough to establish a new equilibrium of rates.
The addition of insulin to the perfusion circuit accelerates membrane transport, as does anoxia; intracellular glucose accumulates and glucose phosphorylation, i.e. the third step in the glucose uptake sequence, then becomes rate limiting (Morgan et al. 1961 ). It must be emphasized, however, that the isolated rat heart preparation contains tissue-bound insulin immediately after the heart has been removed from the animal. It is therefore necessary either to administer antiinsulin serum to the donor rat (Mansford 1967) or to pre-perfuse the heart for thirty minutes (Zachariah 1961) if glucose transport is to be reduced to a truly basal state. This presence of endogenous insulin probably accounts in part for the variable rates of glucose uptake and the extent of insulin effect reported in the literature (Opie et al. 1962 , Williamson 1962 , Bleehen & Fisher 1954 .
The third step in uptake involves the phosphorylation of glucose to glucose-6-phosphate (G6P) catalysed by hexokinase.
hexokinase Glucose + ATP -)-G6P + ADP The extent of this process has been estimated by measuring the concentration of intracellular glucose and G6P. Phosphorylation is decreased in the alloxan-induced diabetic heart and by fasting, and accelerated by anoxia. In the presence of maximally stimulated membrane transport, i.e. in presence of insulin, this step becomes rate limiting for the overall uptake of glucose. Because of the absence of glucose-6-phosphatase in heart, G6P must be disposed of via glycolysis, or glycogen synthesis. When glycolysis in the perfused rat heart is increased by anoxia, the concentrations of G6P and fructose-6-phosphate decrease, while the concentration of fructose 1-6, diphosphate increases (Newsholme & Randle 1961) . This suggests control by phosphofructokinase because there is no detectable fructose diphosphatase activity in heart muscle (Newsholme & .
Our studies have centred round the effects of heart work on glucose uptake and glycolysis in perfused hearts from normal and from diabetic rats. In these studies we have utilized a modified perfused rat heart preparation which is capable of performing in vitro mechanical work (Neely et al. 1967) . Perfusate is introduced via a cannula into the left atrium at pressures up to 20 cmH2O and is pumped by the contractile action of the left ventricle via a second cannula in the aorta, against a hydrostatic pressure head of 100 cmH2O. Such 'working hearts' have a left ventricular output of approximately 60 ml/min. In addition to this 'working heart' preparation we have utilized the fact that the rat heart perfused by the Langendorif technique develops left ventricular pressure up to the level of the aortic pressure with each systole (Opie 1965 , Neeley et al. 1967 . Oxygen consumption varied with changes in aortic pressure and with the performance of external work. At an aortic perfusion pressure of 65 cmHlO the q02 of a Langendorff preparation was 69 pl/g/ min, at 100 cmH2O it rose to 103 ,ul/g/min and in the 'working heart' preparation it rose again to 232 ,ul/g/min. Concomitant with this doubling of oxygen consumption was a pronounced increase in the uptake and oxidation of 14C-U-glucose (11 mM). Thus a work load was associated with increased membrane transport and flow through glycolysis.
Acceleration of membrane transport in working muscle has been studied earlier in whole animals and skeletal muscle. Ingle et al. (1950) found that stimulation of the leg muscles of diabetic or normal rats caused a rapid fall in blood glucose levels. Goldstein et al. (1953) suggested a specific effect of exercise on transport, by showing a lowering of the concentrations of non-metabolized sugars, such as D-xylose and L-arabinose, in the blood of eviscerated animals undergoing exercise. More recently Holloszy & Narahara (1965) have shown that transport of 3-0-methyl glucose in frog muscle was accelerated as the frequency of stimulation was raised. At the highest rate of stimulation, transport rose to a rate equal to that found with insulin treatment. In contrast to these earlier studies the isolated working rat heart preparation allows a separation of the effects of work and anoxia. Accelerated transport can be demonstrated in perfused hearts showing normal lactate/pyruvate ratios and with high oxygen tensions in the coronary effluent.
Despite this marked effect of work on glucose uptake, glucose oxidation initially accounted for 360% of the oxygen uptake in both 'working' and 'non-working' hearts, showing that endogenous substrate remained the major fuel of respiration of the isolated heart even during work. Longer perfusion times (i.e. over one hour) resulted in a pronounced increase in the contribution of glucose to respiration as the endogenous substrate stores of triglyceride were utilized.
Increased work was also associated with decreased myocardial glucose-6-phosphate and fructose-6-phosphate and with increased fructose 1-6 diphosphate. There was no accumulation of intracellular free glucose. Such changes were consistent with co-ordinated acceleration of membrane transport and of glucose phosphorylation with a specific increase in the activity of the phosphofructokinase reaction.
Working hearts were more sensitive to the effect of insulin as judged by a greater stimulation of glucose uptake and oxidation. Furthermore, insulin increased to 73 % the oxygen uptake accounted for by glucose in 'working' hearts, but only to 54 % in 'non-working' hearts.
In heart muscle virtually the complete range of transport rates are apparently controlled by metabolic and hormonal regulatory mechanisms. Morgan has related glucose uptake as a function of tension development (measured by integrating the area under aortic or ventricular pressure curves) and by extrapolation has found that when zero tension is produced the rate of glucose uptake is only 5 pM/h/g wet weight (Morgan et al. 1965) . When it is realized that this tissue contains endogenous insulin it is seen that any measurable rate of glucose uptake in heart muscle may indicate a degree of stimulation by mechanical work, incomplete oxygenation or insulin. In this respect studies on glucose uptake and oxidation in hearts from diabetic animals are of interest. We have investigated the effect of work load on the uptake of glucose by hearts from diabetic rats. Using alloxan to induce chemical diabetes we were able to confirm the early finding of Knowlton & Starling (1912) that in hearts perfused by the Langendorff technique a marked decrease in the rate of glucose uptake occurred. This effect has been shown by a number of authors to be associated with decreased membrane transport and an increased inhibition on glycolysis at the level of phosphofructokinase when compared with normal ). These effects of acute alloxan diabetes have been attributed to abnormally high circulating free fatty acid and ketone concentrations in the donor rat (Randle et al. 1964) . Citrate, an inhibitor of phosphofructokinase was increased in hearts of alloxan diabetic and fasted rats and in hearts of normal rats perfused with palmitate (Parmeggiani & Bowman 1963) or ketone bodies (Garland et al. 1963) . Causing alloxan-diabetic hearts to work brought about an increase in membrane transport of glucose and in glucose oxidation, but this increase was not sufficient to raise the glucose uptake to that observed in normal working hearts. We then carried out similar studies using hearts from animals treated with the antibiotic streptozotocin which has been shown to be diabetogenic (Rakieten et al. 1963 ). This compound is of considerable interest since it leads to a type of diabetes that is histologically characterized by a specific pancreatic P-cell degranulation, thereby leading to a persistent hyperglycxemia without the hepatic and renal toxic side-effects associated with alloxan. We have found that seven days after treatment with streptozotocin (65 mg/kg I.V.) the circulating concentrations of plasma ketones and free fatty acids are not significantly elevated (Mansford & Opie 1968 ), nor are tissue levels of citrate abnormally high. It is therefore possible in these streptozotocin diabetic rats to study the effects of hyperglycemia per se on heart metabolism. We have found that glucose uptake and membrane transport are decreased in perfused hearts taken from these streptozotocin-diabetic rats as in alloxan diabetes. At this stage there is, however. no evidence of an associated block at the level of phosphofructokinase activity. Causing such streptozotocin-diabetic hearts to work brings about a restoration of glucose uptake and oxidation to within the range of normal hearts, because of the stimulus of cardiac work.
We conclude that heart work accelerates glucose uptake and glycolysis by a mechanism separate from and not involving the action of insulin. Such acceleration is sufficient to overcome the inhibitions on membrane transport and glycolysis found in non-working diabetic heart muscle, provided the diabetes is due to insulin deficiency and is not associated with elevated free fatty acids, or ketones. During the neonatal period the blood glucose regularly falls to much lower levels than it ever does under physiological conditions in later life, and the brain is usually able to tolerate these lower blood glucose levels without any overt evidence of disturbed function. Of these two distinctive features of the first few days of life, which have been known as facts for thirty years and more (Hartmann & Jaudon 1937), the second is not strictly relevant to the subject of this meeting; but it does explain why the level of blood glucose now generally accepted as the lower limit of the normal range in the human newborn is 20 mg/ 100 ml (Cornblath et al. 1961) . This is because it is only in babies whose blood glucose is below this level that neurological symptoms are observed which can truly be attributed to hypoglycemia, in the sense that they can promptly be relieved by intravenous administration of glucose in adequate amounts. Most babies appear able to tolerate even these low levels without any neurological disturbance, at least for a limited period of time (Shelley & Neligan 1966) ; but clinicians are nevertheless very concerned to prevent or treat this degree of hypoglycwmia because it can certainly cause very severe structural damage to the brains of some babies (Anderson et al. 1966) and it is possible that it may cause lesser degrees of damage to the brains of many more.
The evidence concerning the course of the blood glucose levels in man and experimental animals before, during and after birth is made more difficult to interpret because of a number of technical problems related to the source of the specimens studied, quite apart from the more general problem of different analytical methods. The feetal evidence is nearly all from experimental animals, killed at different stages of gestation, whose blood has usually been obtained from a systemic artery or from a mixed source such as the severed vessels of the neck; and it has been shown that a period of acute feetal anoxia can cause a rise in the glucose level. The first specimens available for the viable human baby are those obtained from the umbilical cord at delivery, and recent reports are based upon venous specimens of blood (Milner & Hales 1965) or plasma (Whaley et al. 1966 ). These were long since shown to contain appreciably more sugar than simultaneous specimens from the umbilical artery (Creery & Parkinson 1953) and it is difficult to exclude all possibility of anoxia during the delivery of a baby. These factors may account, at least partly, for the higher values relative to those in the mother's blood reported in these recent human studies as compared with the best of the animal studies (Shelley & Neligan 1966) . Following delivery it is probable that the human species has been studied more intensively than any experimental animal, and heel-prick specimens have been used routinely. Stur (1964) cast some doubt on the implications of the low levels often found in such specimens by showing that appreciably higher levels may be found in simultaneous specimens obtained from an umbilical catheter. We have confirmed this observation in 15 babies catheterized for the purpose of carrying out an exchange transfusion in the Princess Mary Maternity Hospital, Newcastle upon Tyne, within the first forty-eight hours of life. The mean sugar level (Haslewood & Strookman 1939) in blood
